The pharmacologic profile of rapid-acting insulin analogs, although considerably faster than regular insulin, is still relatively slow compared with the profile of endogenous insulin release. As a consequence, patients with type 1 diabetes or insulin-requiring type 2 diabetes who use these analogs still face the risk of immediate postprandial hyperglycemia and late postprandial hypoglycemia. In particular, postprandial hyperglycemia has been recognized as an important contributor to suboptimal glucose control ([@B1]), which may explain why the introduction of rapid-acting analogs has had little effect on HbA~1c~ in people with diabetes ([@B2]). Some have therefore suggested that these analogs should be injected at least 15 min before meals ([@B3]); however, this seems impractical to implement in daily practice.

Poor adherence to insulin therapy because of injection-related anxiety may be another, often neglected, reason for failure to reach glycemic targets with current rapid- and long-acting insulin analogs ([@B4]). A sizable proportion of insulin users admit to at least occasionally skipping insulin injections or restricting the number of daily injections ([@B4]). Although true needle phobia is rare, many patients with diabetes perceive insulin injections as painful or experience some form of anxiety with injections ([@B5],[@B6]), the presence of which is strongly associated with nonadherence and poorer glycemic control ([@B7]).

Jet injectors for insulin administration provide a needle-free alternative to the use of pens or syringes and were originally developed for patients with needle phobia. Administration by jet injection significantly accelerates absorption of rapid-acting insulin from the subcutaneous area into the systemic circulation ([@B8]). Jet injectors deliver insulin at a high velocity (typically \>100 m/s) directly across the skin in the subcutaneous tissue and dispense the insulin over a larger area than does injection by syringe ([@B9]). With the euglycemic clamp technique, we recently showed in healthy volunteers that administration of insulin aspart by jet injection reduced both the time until peak plasma insulin levels and the time to maximal glucose-lowering effect by approximately 50% when compared with insulin administered by conventional insulin pen ([@B10]).

Although the euglycemic clamp technique is a reliable method to investigate the pharmacodynamics of therapeutic insulin, it cannot be used to predict the glucose-lowering effect of insulin when injected before a meal, particularly in patients with diabetes. The aim of the current study was therefore to investigate the pharmacology of insulin injected by jet injector before a standardized meal in patients with type 1 diabetes and insulin-requiring type 2 diabetes. We also wanted to investigate whether patients would perceive insulin administration with the current jet injector device as more or less painful as insulin injection by pen.

RESEARCH DESIGN AND METHODS {#s1}
===========================

Written, informed consent was obtained from 12 patients with type 1 diabetes and 12 patients with insulin-treated type 2 diabetes. Participants were recruited from the outpatient diabetes clinic of the Radboud University Nijmegen Medical Centre and by advertisement in a local newspaper. All patients were at least 18 years of age and had a BMI \<32 kg/m^2^ and HbA~1c~ ≤9%. Patients were excluded if they had experienced a major vascular event (e.g., myocardial infarction, stroke, symptomatic peripheral artery disease, coronary artery bypass surgery, or percutaneous coronary or peripheral artery angioplasty) in the previous 6 months; used immunosuppressant agents, nonsteroidal anti-inflammatory drugs, anticoagulant therapy, or oral antidiabetic drugs other than metformin for type 2 diabetic patients; or had symptomatic diabetic neuropathy. Pregnancy was excluded where appropriate. The study was approved by the institutional review board of the Radboud University Nijmegen Medical Centre.

All participants underwent two standardized meal tests, separated by at least 2 weeks. Patients were requested to reduce the evening dose of insulin or the basal rate of insulin pump administration by 10--20% to avoid nocturnal hypoglycemia and were instructed to consume a low--glycemic index meal on the evenings before the experimental days. On each experimental day, participants were admitted to the research unit at 0730 h in fasting condition and having abstained from smoking, alcohol use, and caffeine use for at least 24 h. Patients with subcutaneous insulin pumps were asked to stop the pump. The experiments were performed with the patients in supine position in a temperature-controlled room (22--24°C). Two catheters were inserted intravenously. One catheter was inserted in retrograde fashion in a dorsal hand vein for blood sampling, with the vein kept patent by placing the hand in a heated box at 55°C ([@B11]). The other catheter was placed in an antecubital vein of the contralateral arm for insulin and glucose administration. After baseline variables were obtained, low-dose insulin was infused to achieve normoglycemia, after which insulin infusion was either terminated or, for patients treated with insulin pumps, continued at a rate corresponding to the basal rate of the patient's insulin pump.

Thirty minutes after achievement of stable normoglycemia, patients received insulin (aspart; Novo Nordisk, Bagsvaerd, Denmark) either by jet injection (Insujet; European Pharma Group bv, Schiphol-Rijk, the Netherlands) or by conventional insulin pen (NovoPen III; Novo Nordisk) and a comparable volume of placebo solution (Test Medium Penfill; Novo Nordisk) by the alternate device in a double-blind fashion, both administered subcutaneously in the abdomen. On the other occasion, the devices containing the insulin and placebo solution were reversed. Thus all participants received both insulin and placebo on the two experimental days ("double dummy"). The dose of insulin was individualized to the patient's usual prandial insulin requirements and averaged 17.6 ± 3.9 units (8--40 units, 16.3 ± 3.9 units for patients with type 1 diabetes and 18.9 ± 11.1 units for patients with type 2 diabetes; *P* = 0.44). Two-by-two block randomization was used to randomize the sequence by which the two devices were used for insulin and placebo injections. To ensure blinding, both pen devices were prepared by a nurse who was not otherwise involved in conducting the experiments. Insulin administration with both devices was performed by trained staff only, as described in detail previously ([@B10]).

One minute after insulin administration, the participant consumed a standardized meal consisting of three white-bread sandwiches with marmalade and honey and a glass of orange juice (total energy 538 kcal, 108 g carbohydrates, 7 g fat, 11 g protein) in 10--15 min. Plasma glucose measurements were measured at 5-min intervals during the first 3 h of the study and at 10-min intervals for another 3 h. Blood for plasma insulin levels was sampled every 5 min during the first hour, every 15 min for the second hour, and every 30 min thereafter. When plasma glucose values dropped below 4.8 mmol/L, 20% dextrose in water was administered intravenously to maintain normoglycemia. On the second experimental day, patients were asked to rate the amounts of discomfort or pain experienced with the two administration methods on a visual analog scale from 0 to 10 cm and to indicate which device they would prefer should they have a choice.

All pharmacologic parameters were derived from the plasma glucose and insulin levels. With respect to the pharmacokinetics, we calculated the time to maximal insulin concentration (T-INS~max~), the maximal insulin concentration (C-INS~max~), the area under the insulin concentration curve (C-INS~AUC~), and the time until 50% of insulin absorption (T-INS~AUC50%~). We also calculated the times until reaching 50% of the C-INS~max~ as insulin levels rose and until reaching the same value as insulin levels declined. The pharmacodynamic parameters consisted of the area under the baseline-subtracted plasma glucose concentration--time curve during the first hour (BG-AUC~1h~) and first 2 h (BG-AUC~2h~) after insulin injection, representing the initial glycemic load, the maximal glucose excursion (BG~max~), the area under the total baseline-subtracted plasma glucose concentration time-curve (BG-AUC~6h~), and the time until plasma glucose had returned to baseline. Safety parameters included the number of patients requiring exogenous glucose infusion to prevent postprandial hypoglycemia, the amount of exogenous glucose required, and the duration that exogenous glucose was required.

Plasma glucose was measured with the glucose enzymatic-amperometric method (Biosen C-line GP+; EKF-diagnostic GmbH, Barleben, Germany) during the experiments. Blood sampled for determination of plasma insulin levels was collected in lithium-heparin tubes. After centrifugation, the supernatant was stored at −20°C. Plasma insulin was measured by radioimmunoassay ([@B12]).

Power calculation and statistical analyses {#s2}
------------------------------------------

All data are expressed as mean ± SEM unless otherwise indicated. Mean outcomes for all study end points and most safety end points were tested with paired *t* tests. A χ^2^ test was used to compare the numbers of patients requiring exogenous glucose with the two injection devices. Continuous data were tested for normal distribution (Shapiro-Wilk test and Kolmogorov-Smirnov test) and subsequently analyzed with repeated measures ANOVA (Wilks Λ test), with the device as between-subjects factor. *P* \< 0.05 was considered statistically significant. All statistical analyses were performed with SPSS software (Statistical Package for the Social Sciences, version 18.0; IBM Corporation, Armonk, NY).

RESULTS {#s3}
=======

[Table 1](#T1){ref-type="table"} summarizes the baseline characteristics of the participants. All 24 subjects completed the meal tests. The first test had to be rescheduled in two cases. In one instance, the insulin dose administered was erroneously calculated too low, and in the other, the spring of the jet injector released prematurely, so that it could not be assessed how much insulin (or placebo), if any, had actually crossed the skin. That jet injector was subsequently returned to the manufacturer and replaced.

###### 

Baseline characteristics
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Pharmacokinetic end points {#s4}
--------------------------

Plasma insulin levels at initiation of insulin injections were slightly higher for the experiments where the conventional pen was used than those for the jet injector (22.8 ± 2.5 vs. 19.4 ± 2.4 mU/L; *P* = 0.037). Thereafter, plasma insulin levels increased faster when insulin was injected with the jet injector than when injected by conventional pen ([Table 2](#T2){ref-type="table"}). The time until peak plasma insulin concentrations was advanced from 91.9 ± 10.2 min with the conventional pen to 51.3 ± 6.4 min with the jet injector (*P* = 0.003), a difference of 40.6 ± 12.3 min ([Fig. 1*A*](#F1){ref-type="fig"}, [Table 2](#T2){ref-type="table"}). In addition, T-INS~AUC50%~ and the time for insulin levels to decline after reaching peak values were significantly shorter when insulin was administered by jet injection rather than by conventional pen ([Table 2](#T2){ref-type="table"}). In contrast, the total amount of insulin absorbed during the entire 6-h period, as reflected by the C-INS~AUC~, did not differ between the two devices.

###### 

Pharmacokinetic and pharmacodynamic parameters for insulin administration with the jet injector and the conventional insulin pen
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![Changes from baseline during the standardized meal test. *A*: Changes in plasma insulin levels after insulin administration by jet injector (○) and conventional pen (■). *B*: Changes in plasma glucose levels after insulin administration by jet injector (○) and conventional pen (■).](3436fig1){#F1}

Pharmacodynamic end points {#s5}
--------------------------

There were no differences in plasma glucose values between the two experimental conditions, either at baseline (10.5 ± 0.6 vs. 10.8 ± 0.7 mmol/L; *P* = 0.65) or directly before the experiments (5.61 ± 0.13 vs. 5.45 ± 0.18 mmol/L; *P* = 0.49). The time-action curves for the plasma glucose level after meal ingestion were significantly different between the two devices (*P* = 0.018 by ANOVA). In line with the faster insulin pharmacokinetics, the hyperglycemic burden during the first hour, as reflected by the area under the glucose concentration curve (BG-AUC~1h~) was significantly reduced when insulin was administered with the jet injector rather than by conventional pen ([Fig. 1*B*](#F1){ref-type="fig"} and [Table 2](#T2){ref-type="table"}). This benefit favoring the jet injector relative to the conventional insulin pen was no longer apparent after 2 h ([Table 2](#T2){ref-type="table"}). Although glucose values tended to be lower in the late postprandial phase after conventional pen administration, there were no significant differences between the two devices with regard to the maximal glucose value, maximal glucose increment, or area under the 6-h glucose concentration curve ([Table 2](#T2){ref-type="table"}).

Safety {#s6}
------

There were no differences between the jet injector and conventional pen with respect to number of patients requiring exogenous glucose to prevent hypoglycemia (17 vs. 18; *P* = 0.75), the timing of initiation of glucose administration (180 vs. 194 min; *P* = 0.79), or the amount of glucose administered (21.0 ± 5.5 g vs. 23.7 ± 5.7 g; *P* = 0.61). Both injection methods were well tolerated and elicited similar experiences of pain or discomfort (visual analog scale 1.96 vs. 1.40; *P* = 0.14). Of the total of 24 patients, 13 preferred the conventional pen to the jet injector, 4 preferred the jet injector, and 6 remained indifferent. One patient did not complete the questionnaire.

Subgroup analysis {#s7}
-----------------

The pharmacodynamic benefits of insulin administration by jet injection tended to be numerically higher in patients with type 2 diabetes; however, the difference was not statistically different between patients with type 1 and type 2 diabetes. For type 1 diabetes, BG-AUC~2h~ after jet injection was 478 ± 117 vs. 500 ± 98 mmol · min · L^−1^ after conventional administration (*P* = 0.87); values for type 2 diabetes were 471 ± 82 vs. 662 ± 96 mmol · min · L^−1^ (*P* = 0.09) ([Fig. 2](#F2){ref-type="fig"}). There were no differences in subgroups defined by age, sex, or BMI (data not shown).

![The 2-h BG-AUC values for the jet injector (white bars) and conventional pen (black bars) in subgroups according to type of diabetes.](3436fig2){#F2}

CONCLUSIONS {#s8}
===========

Previously, we showed in young, healthy volunteers that absorption and action of aspart insulin occurred twice as fast when administered by jet injection as by conventional pen ([@B10]). The current study confirms a more rapid absorption of insulin aspart when administered by the current jet injector compared with a conventional pen in patients with type 1 and type 2 diabetes. These pharmacokinetic properties translated into a significant, albeit modest, decrease in early (first 60 min) postprandial hyperglycemia after a standardized meal rich in carbohydrates. Beyond 1 h, the benefit of jet injection on postprandial glycemic burden was no longer statistically significant.

Considering the substantial enhancement of insulin action by jet injection in our clamp study ([@B10]) and the current improvement of insulin absorption, we anticipated a sizeable pharmacodynamic benefit of insulin administration by jet injection in the current study. Although the lower early postprandial glucose levels and tendency toward lower glucose levels in the later postprandial phase confirmed the results of the clamp study under conditions more like an actual clinical situation, the effects were rather modest. This partial discrepancy may be explained first by the relatively large variation, both inter- and intraindividually, in glucose excursions after the meal test. Indeed, maximal glucose excursions varied between 5.9 and 22.9 mmol/L among subjects and between 0.1 and 12.9 mmol/L within subjects. Glucose levels at admission at the research unit were similarly variable, although all patients had consumed a low--glycemic index supper on the evening before the experiments. Factors contributing to this large variation may include the heterogeneity of the participants, the suboptimal glycemic control, and use of insulin by all participants, including those with type 2 diabetes.

A second explanation concerns the finding that insulin absorption was much slower in the patients than we had previously observed in healthy volunteers ([@B10]). Although jet injection advanced insulin absorption to roughly similar extents in both groups, insulin levels peaked substantially later in diabetic subjects with than in those without diabetes (51.3 vs. 30.6 min; *P* = 0.012). Because the standardized meal consisted mainly of high--glycemic index carbohydrates, insulin absorption may have been too slow to sufficiently counteract the fast glucose load absorption. Whether jet injection would have performed better for a more usual mixed meal with slower food absorption cannot be determined from our data. Parenthetically, most patients in our study claimed never to consume high--glycemic index carbohydrates in such large quantities, to avoid extreme glucose excursions.

Why rapid-acting insulin absorption is slower in patients with diabetes than in subjects without diabetes is unknown. We previously showed a strong association between BMI and rate of insulin absorption in healthy subjects, arguing a role for greater subcutaneous tissue thickness ([@B13]). In the current patient group, however, insulin absorption was unrelated to the BMI or any other measure of body composition. The presence of insulin antibodies, commonly found in patients on long-term insulin therapy, has been suggested to attenuate the absorption of subcutaneous insulin ([@B14]); however, insulin antibodies were not measured in our study. Alternatively, subcutaneous adipose tissue blood flow (ATBF) may also affect the absorption of insulin ([@B15]). Reduced subcutaneous ATBF has been reported in overweight nondiabetic subjects ([@B16]), as well as in patients with type 1 ([@B17],[@B18]) and type 2 diabetes ([@B19]). In addition, ATBF may fail to increase in response to dietary stimuli in overweight subjects ([@B16]) and in patients with type 2 diabetes ([@B19]).

Although the pharmacodynamic benefit of jet injection appears small, it is of potential clinical relevance for patients with early postprandial glucose excursions not sufficiently covered by conventional insulin injections. Administration of rapid-acting insulin by this jet injector may represent an especially valuable alternative for patients with type 2 diabetes, in whom the postprandial glycemic benefit of jet injection tended to be more pronounced than in those with type 1 diabetes. Parenthetically, a device that performs at least as well as, and potentially better than, conventional pens may be a good option for any patient who does not tolerate insulin injections by needle or regards these as otherwise uncomfortable. A recent survey showed that 28.6% of patients with type 2 diabetes perceive insulin injections as painful ([@B20]), putting such patients at high risk of skipping at least occasional injections ([@B7]). When questioned, most patients still preferred the conventional pen to the jet injector; however, these patients were unselected, generally tolerated conventional injections without discomfort, consequently feeling no need to change the mode of administration, and did not handle the jet injector (or the conventional pen) themselves under study conditions. Future research will need to reveal tolerability of the jet injector after personal experience with the device in daily practice for a longer period.

Handling a jet injector may be more cumbersome than handling a conventional insulin pen. It requires sufficient training in air-free filling of the chamber with insulin and correct placement of the injector on the skin to ensure that the entire volume of insulin reaches the subcutaneous compartment. Inadequate contact between injector and the skin has been reported to result in bruises and "wet" injections, leading to discomfort and unpredictable insulin absorption profiles ([@B21]). Importantly, the current device has a built-in lock-release system that only releases insulin when proper skin contact has been made and sufficient pressure has been applied to the nozzle of the injector. Other factors that determine optimal insulin delivery relate to jet velocity and nozzle diameter ([@B22]--[@B24]). Our data are therefore in part specific to the jet injector used and cannot be extrapolated to other jet injectors.

Various strategies are currently under development to enhance absorption and action of subcutaneous insulin. These strategies include local skin heating to stimulate tissue perfusion ([@B25]), coadministration with hyaluronidase to break the solidity of the extracellular matrix ([@B26]), and destabilizing insulin hexamer formation by addition of EDTA and citric acid ([@B27]). The pharmacokinetic and pharmacodynamic benefits of these interventions are more or less comparable to those of jet injection and range from ∼10 to ∼60% advancement of peak insulin levels and maximal glucose-lowering effect ([@B25]--[@B27]). A difference between jet injection and other developments to enhance insulin absorption is that the former is already available for clinical application, whereas the latter are in still in various stages of development and have not yet been marketed.

In the current study, we found that jet injection accelerated the absorption of insulin aspart in patients with type 1 and insulin-treated type 2 diabetes. This better pharmacokinetic profile was initially followed by a congruent reduction in glucose excursions after a high-glycemic index meal, in particular during but not beyond the first hour. Jet injection may therefore be a good needle-free alternative to conventional insulin pens of at least equivalent pharmacological efficacy for the administration of insulin in patients with diabetes. Future research is needed to determine whether the better pharmacologic properties of insulin jet injection translate into beneficial long-term effects on glycemic control and risk of hypoglycemia in patients with diabetes.
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